Electromagnetically induced transparency (EIT) is an effect that an initially opaque medium can be rendered transparent via destructive quantum interference. [1] [2] [3] Recently, its photonic analog based on the coupled microcavities has been intensively investigated [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] because of its various applications such as in slow light, 5, 6, 10, 11 optical sensor, 12, 13 quantum information processing, 15 optical signal routing, 16 and optomechanical cooling. 19, 20 To obtain the EIT-like spectrum in a coupled-resonator system, the frequencies of two involved optical modes must be precisely matched, which can be achieved by several different ways. One way is just to fabricate a large number of cavities and pick up the ones with exactly the same or very near resonant frequencies. 7 Another way is to precisely control the sizes of the microcavities to make the perimeter difference within a few nanometers, 8 which demands very advanced microfabrication technology. Yet, both ways consume much time on the fabrication process and do not offer appreciable tunability for measuring the EIT-like spectrum since the cavity frequency cannot be easily tuned after its fabrication. To tune the resonant frequency of a microcavity, either a pump laser 17 or a thermoelectric cooler 18 is typically used to change the temperature of the microcavity and hence its resonant frequency. However, the method based on the thermo-optic effect not only makes the system more complicated and intrinsically slow 17, 18 but also has a limited ability to independently tune the frequency detuning and the coupling rate between the cavity modes in a wide range when two cavities with large different temperatures getting close to each other. 18 Also, the EIT-like effect has been realized in a single microcavity whose two optical modes are tuned into resonance using the way of thermo-optic tuning 21 or aerostatic tuning 22 with a relatively small tuning range.
Here, we use an optomechanical device, a double-wheel microcavity [23] [24] [25] to couple with a silica microtoroid cavity, 26 to demonstrate an all-optical analog of EIT. Since the double-disk has a large optomechanical coupling coefficient and ultralow mechanical stiffness, its cavity resonant frequency can be efficiently controlled via the optical gradient force. [23] [24] [25] 27, 28 In our experiment, to match the optical mode in the chosen microtoroid cavity, we have tuned the resonant wavelength of the double-wheel microcavity by an amount of 1.5 nm, which is about 4 times larger than the one achieved by the way of thermo-optic tuning in silica microtoroids. 18 Moreover, we have experimentally achieved to precisely tune the EIT-like spectra by independently controlling the frequency detuning and the coupling rate between the two cavity modes.
As shown in Figs. 1(a)-1(d), our coupling system consists of a double-wheel microcavity [23] [24] [25] and a silica microtoroid cavity on the corner of the silicon chip. 18, 29 The double-wheel microcavity is composed of two silica microring cavities separated by a subwavelength gap (Figs. 1(b) and 1(c)). To reduce the mechanical stiffness, each microring is supported by four thin spokes. Here, we fabricated the double-wheel structure through a similar procedure, as previously reported in Ref. 23 . The main difference in the fabrication process is that we here used an NSR-1755i7B stepper to pattern the photoresist 30 instead of an electron beam lithography to pattern the e-beam resist. 23 Obviously, this method is more efficient and more compatible with the conventional semiconductor processing. Figure 1 (c) shows a detailed scanning electron microscope image of the double-wheel microcavity, of which the air gap and the thickness of silica ring are around 110 nm and 420 nm, respectively. The combination of the nanoscale gap, the small thickness of the silica layer and its moderate refractive index enables a strong mode coupling between the two rings. As a result, supermodes are formed in the double-wheel microcavity and their frequencies are strongly dependent on the separation gap. Finite-element method (FEM) simulation shows that the optomechanical coupling coefficient g OM ¼ dx=dx 31 of our demonstrated microcavity can be as large as 2p Â 49 GHz/ nm for the fundamental TM-like mode, corresponding to a per-photon optical gradient force f ¼ -hg OM 31 of 32 fN ( h is the reduced Plank's constant). So when pumping the cavity with an external laser, a large optical force can be produced to significantly change the vertical gap and hence the resonant frequency of the double-wheel microcavity. The resonant frequency shift can be expressed as Published by AIP Publishing. 109, 261106-1
where Dx is the change of the gap, N is the photon number, P d is the pump power dropped into the microcavity, Q 0 is the intrinsic optical quality factor of the microcavity and k is the stiffness coefficient of the structure. 23, 31 For our fabricated microcavity with a diameter of $50 lm, the stiffness coefficient is about 19.0 N/m according to the FEM simulation.
The schematic diagram of our experimental setup is shown in Fig. 1(e) . In the experiment, both the pump and probe lasers are simultaneously launched into the system by an optical coupler. After coupling with the double-wheel cavity via a fiber taper, 32 the two lasers are split through a coarse wavelength division multiplexer (CWDM) and then connected to each detector. In addition, to ensure that the double-wheel microcavity does not reach the regime of regenerative oscillation, 28 ,33 a high-frequency photodetector is employed to monitor the mechanical modes during the experiment. Both microcavities are kept in an N 2 -purged box to avoid water and particle contaminations.
We first use the experimental setup to characterize the double-wheel microcavity alone. The pump mode is located at 1567.7 nm with an intrinsic quality factor of 4.2 Â 10 5 , while the probe mode is at 1521.7 nm. They both belong to the family of the fundamental TM-like modes that have a measured free spectral range (FSR) of $10.7 nm. To prevent the doublewheel microcavity from reaching to the regenerative oscillation, we consciously overcouple the pump mode to decrease the loaded quality factor. 25 Figure 2(a) shows the transmission spectrum of the pump mode with a dropped pump power of 1.3 mW under the overcoupled condition, which is obtained by scanning the pump laser with a constant speed from 1567.0 nm to 1571.5 nm. The triangular shape of the transmission spectrum results from the optical-force-induced red-shift of the pump mode, [23] [24] [25] exhibiting a large resonance shift of 2.2 nm. This corresponds to a mechanical deformation of $5.5 nm, and we can use such mechanical change in the gap to control the resonant frequency of the probe mode. As shown in Fig.  2(b) , the probe resonance is shifted by 1.9 nm with a pump power of 1.2 mW dropped into the cavity. According to the linear fit to the data, the tuning coefficient is 1.6 nm/mW that is in good agreement with the theoretical prediction (1.9 nm/ mW). Note that the thermo-optic and thermo-mechanical effects in the double-wheel microcavity are negligible in comparison with the tuning rate induced by the optical force under our current experimental condition. 23 In addition to the static tuning of the cavity resonance, we also observe the optical spring effect [23] [24] [25] 28, 34, 35 in our device (Fig. 2(c) ). Without the pump power, random fluctuations are generated in the probe transmission spectrum as a result of the thermal Brownian motion. With a blue-detuned pump laser of 0.41 mW dropped into the cavity, the stiffness coefficient of the double-wheel microcavity is significantly increased that results in the strong suppression of the thermomechanical noise (right panel of Fig.  2(c)) , [23] [24] [25] 28 exhibiting an intrinsic quality factor of 3.3 Â 10 5 . To couple with the double-wheel microcavity, we fabricated a microtoroid cavity on the corner of a silicon chip 18, 29 ( Fig. 1(d) ). Then, we put the microtoroid on a piezoelectric translation stage upside down, so it can be moved close to the double-wheel microcavity on another chip with the help of a top-view microscope.
After completing all the preparatory work, we are ready to implement an all-optical analog of EIT in our system. Due to the smooth surface, the microtoroid has a high intrinsic quality factor of 4.3 Â 10 7 at 1523.2 nm with a mode splitting of 8.0 MHz (Fig. 2(d) ). Since the probe mode in the double-wheel microcavity is located at 1521.7 nm, we must shift the probe resonance by 1.5 nm using the optical gradient force to match this frequency. With a dropped pump power of $1.0 mW launched into the double-wheel microcavity, the pump mode is shifted from 1567.5 nm to 1569.0 nm, while the probe mode is shifted from 1521.7 nm to 1523.2 nm. This wavelength tuning range is about 4 times larger than the one achieved by using the thermo-optic effect in silica microtoroids. 18 During the measurement, the probe power is kept to be very weak to avoid the optomechanical effect. Then, we move the microtoroid cavity towards the double-wheel microcavity and demonstrate the EIT-like spectra, as shown in Fig. 3(a) . It can be clearly seen that as the separation distance is decreased between the two cavities, the transparency peak, as well as its bandwidth, is gradually increased when the calculated coupling rate l is increased from 2p Â 0:07 GHz to 2p Â 0:29 GHz (similar to the increase in the coupling Rabi frequency in the EIT case 2 ). In contrast to the thermo-optic tuning method where significant thermal expansions (and therefore the frequency shifts) happen in the coupling cavities, 18 the frequency detuning remains almost unchanged during the whole process. This is because that the piezoelectric stages are both kept at room temperature and the influence of the small temperature increase on the double-wheel microcavity caused by the pump laser is negligible. In our current experimental scheme, the coupling strength and the frequency detuning can be adjusted independently, just like in the three-level atomic-EIT cases.
2 Figure 3 (b) shows a detailed scan of the EIT-like spectrum with the calculated coupling rate of 2p Â 0:20 GHz, which yields a transparency depth of 93% and a bandwidth of the transparency window as narrow as 82 MHz. The transmission of the coupled microcavities for the probe field can be well explained by the coupled-mode equations 36, 37 
where a under the steady-state condition, the transmission coefficient can be easily obtained. Figure 3 shows that the theoretical fit agrees very well with the experimental data.
Next, we fix the distance (coupling strength) between the cavities and adjust the frequency of the probe mode via altering the pump power. Due to the ability of seamless wavelength routing based on the optomechanical tuning mechanism in the double-wheel microcavity, [23] [24] [25] the frequency detuning between the coupled modes can be precisely controlled. The corresponding transmission spectra are presented in Fig. 4 . When the frequencies of the two optical modes are far from each other, two independent peaks with Lorentzian-like line shapes can be seen (top and bottom curves). As the frequency detuning is decreased, a Fano resonance peak with an asymmetric line shape emerges. 38, 39 When the frequency detuning is further decreased down to zero, a symmetric transmission peak (the middle curve), as an all-optical analog to EIT, appears in the transmission spectrum. Positive and negative frequency detunings basically have the mirror-image spectral shapes. Also, without the influence of thermal expansions, 18 the resonant frequency of the microtoroid is not changed during the whole tuning process.
In conclusion, we have achieved the EIT-like effects by coupling a double-wheel microcavity with a silica microtoroid cavity. By making use of the optical gradient force in the double-wheel microcavity, we have matched the two optical modes whose resonant wavelengths are initially separated by 1.5 nm. A typical EIT-like spectrum is obtained with a transparency depth of 93% and a spectral width of the transparency window as narrow as 82 MHz. Moreover, we have demonstrated that the EIT-like spectrum, i.e., its peak height and position, can be independently tuned by changing the coupling rate and the frequency detuning between the two cavities. We believe that this gradient-force tuning mechanism is a very convenient and effective way to control frequency detunings in the coupled microcavity systems, which can be used to build opto-electronic devices on chip with low optical power and fast speed.
